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RADIOLOGICAL AND CHEMICAL STUDIES OF
GROUND WATER AT ENEWETAK ATOLL
2. Residence Time of Water in Cactus Crater

ABSTRACT

This is the second in a series of
reports on a ground water study at
Enewet ak Atoll conducted jointly by
the Law ence Livernore Laboratory and
the University of Hawaii under the
sponsorshi p of DCE division of Biology
and Environnental Research. The pur-
pose of this study is to provide data
characterizing ground water for pos-
sible use by returning Mrshall ese
and to investigate the hydrol ogy and
recycling of radionuclides in an
This

describes fluorescent dye tracing

atoll environment. report

used to assess the flushing character-
dilution rate, and water dis-

in Cactus Crater.

i stics,
per sal A sinmple
observa-
The

in the

nodel expl ai ns experinental

tions in terns of tidal effects.
nean residence tinme of water
crater is about 2.6 days, depending

on the tidal range; mxing is com
plete within 24 hours and water |oss
occurs mainly by overflow at high

tide. This paper also addresses

INTRODUCTION

From 1948 to 1958, Enewetak At ol
in the Marshall U. S. Trust
Territory of the Pacific |slands, was

| sl ands,
the site of 43 nuclear explosions,
24 of which occurred on or near Runit
Island on the eastern side of the
atol | . Two events, Lacrosse in 1956
and Cactus in 1958,

craters on the northern tip of the

left water-filled
Runit ocean reef (Fig. 1). The west

side of Cactus is easily reached by a
jeep road with a snall beach at the

end.

possi bl e consequences of filling the
crater with contaminated soil for
di sposal

Prelimnary experinments, sone of
which are described in Ref. 1, showed

that Cactus Crater was a suitable

natural aquariumin which to study

radi onuclide cycling in a marine

envi ronnent . The nuclides 60Co,

loszh, 137CS lSSE 238’239’240Pu,

nd 241An1exist

tens of picocuries per gramin the

a in the range of a few

sedinents; in addition, the sheltered

| ocati on and conveni ent vol une of the
and

crater nmake both chem ca

bi ol ogi cal experinents feasible.



e Open water sampling stations
o Well sampling stations

Fig. 1. Northern end of Runit Island
the |ower.
about 2.5 ft.

Sanpl es of indigenous periphyton and
Hel i neda al gae show | evels of a few
pi cocuries per gram of nopst of these
i sotopes, and water concentrations
range from0.01 to 0.1 pci/1.

The crater is also part of the

northern Runit groundwater system that

The lagoon is at the bottom of the picture.

Lacrosse is the upper crater, Cactus
Tide height is

has been under study since early in
1974 as part of a larger programin
A knowl edge of
the flushing characteristics of the

atoll hydrol ogy. 2,3

crater is therefore desirable both
for experinents conducted within the
crater as well as to assess the




hydr odynami cs of the groundwater

system  Fluorescent dye tracing was
used to evaluate the flushing char-
and wat er

acteristics, dilution rate,

di spersal on the northern reef of
Runit | sl and.

As a result of the genera
cl ean-up operations in preparation
for the return of the native popul a-

tion to Enewetak, a plan has been

proposed to use the crater to
di spose of Pu-contanminated soil.
The crater would be conpletely
filled and the study area |ost.
However, know edge of the origina
hydrol ogy can help predict nmigration
patterns of any radionuclides sub-
sequently released fromthe fill
material to the subterranean

wat er .

PHYSICAL CHARACTERISTICS OF CACTUS CRATER

Cactus Crater was formed in My
1958 by the 18-kt Cactus event deton-
ated 3 ft above the surface of the

i sl and. 4 The profile of the resulting
crater is shown in Fig. 2. The crater
is awash at high tide, but at |ow

tide it is effectively cut off from
surface water recharge by a low sill
on its northeast side. Crater volune
is determned by estinmating the slope
of the sides, as well as the area of
the bottomand the surface area as a
tide height.

on how these estimates are nade and

function of Dependi ng

whet her
the frustumof a cone or a spherica

the volune is calcul ated as

a volune at nean sea | eve

of 3 to 3.5 X 104m3 may be cal cul ated

segment

with 3.26 % 104m3 as a reasonabl e
average. A volume can be sinilarly
hei ght ;

Fig. 3 shows the variation of crater

calculated for any tidal
volume with the state of the tide,
assunming a conical frustrum
Actually, the crater begins to over-
fl ow somewhere around a hei ght of

1.3 ft and vol une beyond this height

represents water displaced.
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Fig. 3. Apparent crater volume as a function of tide height.
EXPERIMENTAL
Several fluorescent dyes have t he approxi mately 25% hi gher cost per

been used for water tracing; however,
only uranine and various forns of
rhodam ne are now widely used. From
the information in Ref. 5, we decided
to use sul pho rhodami ne B for the
Subse-

quent to our work, Smart and Laidlaw®

Cactus crater tracer study.
recently discussed the properties of
ei ght fluorescent dyes for their

utility in quantitative tracing work,

including sensitivity and limts of

detection, effect of water chemstry
on fluorescence, photochemni cal and
bi ol ogi cal decay rates, adsorption

| osses on equi prent and sedinents,

toxicity, and cost. They concl uded
t hat

cost

rhodanmi ne WI was slightly nore
effective than sul pho rhodamine B

However, they also felt that, were

vol une of water |abeled not a factor
t hen sul pho rhodani ne B woul d be a

better choice because of its good
Thus,

choi ce of sul pho rhodanmine B for the

adsorption resistance. our
crater work has proved to be a good
one even in the light of nore recent
dat a.

Sul pho rhodani ne B has maxi mum
excitation at 565 nm and maxi mum
em ssion at 590 nm W neasured
fluorescence with a conmercial filter
fluorometer and a green phosphor |amp
t hat

from500 to 570 nmw th a naxi mum at

provi ded continuous enission

530 nm the mercury lines at wave
| engt hs of 404, 436,
The primary filter

and 546 nm were
superi nmposed. was

a conbination of a Watten 58 (peak




at 525 nm and a Corning |-60 (peak

at 550 nm) t hat produced a narrow band-
546 nm

The secondary filter was a comnbination
of a Corning 3-66 plus a Corning 4-97
that produced a sharp cut-off between
580 and 560 nm
illustrate the optica

pass filter with a peak at

Figures 4a and 4b
properties of

the conposite primary and secondary

filters as well as the relative
excitation and em ssion spectra of
The overal |

and

sul pho rhodani ne B.
conbi nation of [|anp,
phot ot ube gave a lower limt for

filters,

reliable neasurenent of the dye of
about 0.5 ug/l1l and a bl ank val ue of
about 0.2 ug/1.
resulted fromlight scattering in

Sone of the bl ank

60 T T i T | i i 7 , | T \ T ] | 6
Composite of rhodamine primary filters » \ (a) >
Wratten 58 plus Corning 1-60Q (left scale) / T4
2 o / ® §
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2 §
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D
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Fig. 4(a). Rhodanmi ne excitation spectrum and transm ssion characteristics of
fluoroneter primary filter; (b) rhodanine enission spectrum and transmi ssion

characteristics of fluorometer secondary filter
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the sanpl es but nost was caused by
fluorescence in naturally occurring
conpounds.  The bl ank was practically

negligible in open ocean seawater.

I NJECTI ON  METHODS

Three separate experinents were
and Cctober 1976
In the first feasi-

performed in Apri
and May 1977.
bility experinment, approximtely

150 g of sul pho rhodani ne B were
injected as seawater sol ution about
10 cm bel ow the surface on the edge
of the sand spit on the eastern side
low tide. In the

of the crater at

second experinment, 2 kg of dye in
seawat er solution were injected on
the surface at the crater center at
low tide. For the third and nmost com
pl ete experiment, 2 kg of dye were

di ssolved in seawater in a plastic

bag that was weighted and | owered to
the bottomat the center of the crater
A diver

and spread the dense

at low tide. t hen descended
opened the bag,
sol ution over a few square netres to
a depth of 1 to 2 m An effort was
made to keep the final injection
volune as small as possible to

estimate the time required to mx the

dye uniformy throughout the crater.

SAVPLI NG STATI ONS

Sanpling stations were set up
inside and outside the crater; their
1. The
five stations inside the crater were

| ocations are shown in Fig

placed to forman array parallel to

and across the prevailing wind. These
stations were |ocated by |ines
stretched at right angles across two
crater dianeters; station nunbers
were marked by tabs attached to these
At each station,

l'ines. sanpl es were

taken at three depths: a few centi-
metres bel ow the surface, approxi-
mately 10 cm off the bottom and at
an intermediate depth of either 2.7
or 5 m They were collected by one
or two people on a polystyrene raft
equi pped with a battery-operated
punp and plastic tubing. Sanples at
all stations (including those out-
side) were collected in 60-m anber
gl ass bottles and stored out of
direct sunlight.

The outer edge of the ocean reef
is about 1 ft higher than the |agoon
and water from waves breaking on the
reef south and east of the crater
flows in a current generally north-
There is a

west along the reef.

channel between Cactus and Lacrosse
t hrough which a current 1 mdeep and
up to 1 m's flows at high tide. The
current joins with water flow ng

t hrough and around Lacrosse and fl ows
in a northwestern direction generally
It

finally exits into the |agoon through

parallel to the sand spit.
a break in the spit about 200 m

northwest of the left edge of the
1.
anchored at stations 6, 7 (not shown

picture in Fig. Buoys were




in Fig. 1), 8 and 9 as reference

mar ks and surface sanples were col -
lected in conjunction with the crater
sanpl i ng
the reef flat away fromthe main

Station 6 was |located in

stream of the al ong-shore current to
sanmple water flowi ng directly down-
wind fromthe crater. At low tide,
this station was usually dry. Station
7 was |ocated at the break in the

sand spit between the reef flat and
the lagoon to nmeasure the fraction

of Cactus water flowing into the

Vat er

ously flows through this break and it

l agoon by this route. conti nu-

was expected that the fraction
originating in Cactus crater would
vary with tide height. If so, the
l evel of radionuclides would vary
consi derably depending on the mix of
ocean and reef water. In addition,
school s of reef fish, a possible
Marshal | ese food source, are fre-
quently found here. Station 8 was
set up in the channel between the two
craters to sanple the amount of Cactus
wat er Sanpl es

| eaving by that path.

fromstation 9, located in the current
upstream from Cactus, nonitored the
wat er entering the study area and

woul d have detected any flowin this
direction caused by eddies, effects of
a receding tide, or a period of |ow

winds. This station, like station 6,

was usually dry at low tide. Sanples
were collected at stations 6 through

9 by nmerely wading into the water,

rinsing and filling a sanple bottle a
few centimetres below the surface.

In addition to the reef flat sta-
tions, sanples were collected from
wel |'s around the crater perinmeter.
These wells are shown on Fig. 1 and
were included as part of the genera
groundwat er studi es described in
Ref. 2.

wei ghted bottle was | owered just

To take the sanples, a

beneath the water surface, retrieved
and enptied into an anber collection

bottle.

TYPI CAL TI DAL CYCLE I N CACTUS CRATER

At |low tide, depending on the
tide height, the water level in the
crater is about 20 to 40 cm bel ow t he

| evel of the reef flat on the north

and northwest sides, and there is no

visible flow either into or out of the

crater. If water is flow ng along
between the two craters,
As the tide

the depth of the al ongshore

the reef
none enters Cactus.
rises,

current increases and Cactus fills

fromthe bottomuntil it joins the

current through the small channe
just southeast of station 8 At this
tine, there are a few centinetres of

water on the reef around station 6.
As the tide continues to rise, water
begins flowing into Cactus over the
sand spit on the eastern side, and
nmost of

finally, at higher tides,

the northeast side is awash. The

streantines in Fig. 1 illustrate the




flow that starts counterclockw se
around Cactus and then flows slightly
nort hwest al ong the sand spit that
separates the reef from the |agoon;
the streamis joined all along its
course by water flow ng over the reef
from waves breaking on the ocean
side. This water finally exits into

the | agoon through a narrow break in

the sand spit (station 7). During
the hours of highest tide, there is
a strong flow across the northern
quarter of the crater, driven by
both the reef current and prevailing
As the tide recedes, the

sequence of events is reversed unti

wi nd.

the crater is once more cut off

fromthe reef

RESULTS AND DISCUSSION

MECHANI SM OF WATER LOSS

The third experiment in My and
June of 1977 was the nost extensive
of the three. Table 1 presents a
detail ed account of the sanpling
results of this experiment,
shows the tidal cycles during this

tine period. Sanples taken prior to
the dye injection indicate the |eve
of background, or bl ank, and are essen-

tially at the limt of detectibility

and Fig. 5

for the fluoroneter. The val ues
probably represent a conbination of
natural fluorescence and a certain
anmount of scattering of the incident

radiation by particulate material in

the sanple. The rather high val ues
from XRU-1, -2A, and -5 probably
represent natural fluorescence caused

by the higher concentration of organic

material in the ground water. These

wel l's do show a considerable tine |ag

6 ] |
& 2 Blanks 7
I 4 —
S 3 -
[«}]
e
8 2 + VoY =
= 1
}._
T injection 2 3 f ; t | 8 7
1 | | 4] 5} l I 6 7] l |
5/26 5/27 5/28 5/29 5/30 5/31 6/1 6/2 6/3 6/4 6/5
Date — 1977
Fig. 5. Enewetak tides for the period from My 26 to June 5, 1977. Arrows

i ndicate sanpling tines.

-g—




$°91 ¢ LT 791 1°9T %91 wo330g
- - - 8791 - VAR
L°9T ¢ 9T ¢ 9T T°LT [ RA) L°¢ 0260
ST°T 08°0 0¢"t O0T°0 0" LT %°0T 1°1T 0°91 9791 87 LT 0°/L1 6°GT 990BJaANS -$G.L0 LL/0€/S
8°G¢ S He £€°6¢ 9°1¢ 8°6¢C woljog
0°%¢ 6°¢€C L ¥4 G 6¢ T %¢ LT 000T
69 o 8L 0 €T ¢ 0 VAR %4 [AAN 976 §°6e 0°%e 7°%¢ 7 9C S°¥e 90'Jang -G080 LL]62/6G
ST 0w £°6¢ 0" LY 0°%IT ¢6°6¢ wo330g
1°8¢ 2% 1A A A 0°6¢ L'C 0£0T
G6°0 €8°0 %L°0 [€°0 0°9¢ 6°6T [N YA DAY €9l RAY 6°2¢ 9°L¢ 998 FIANG -6780 LL/8T/S
§*9¢ 1A §°8¢ 8T0O¥ 0729 wo3log
| 8°GY 0" ¢y 8°G% 9Ly 0°8% L*¢ 0h9T
68 o £8°0 €L°0 0 ¢°81 8°GT 0°0¢ 6°9¢ 0°q¢ G 6¢ 0°L¢ I°8¢ °990'BJiINng -G6ST
SRAY (AR ¢ Le 0799 6°vg mo330g
€76y 0°%% G gy v 9% 0° L% Lz v70T
SO°T 0L°T 88 %00 G¥°C £°¢ 0 97 ¢y 0°6% 0°0s 97 ¢y 0°1% °20BJINg —G180 LLILT/S
SaInoy QOLT 3I® [[/97/G uO T UOTIELIS B WOII0Q 9Y3 UO pajoolul 9Ap Iy g 4933V
oevT
€T T €670 €0'T 020 ¢Z°0 - 50°0 = - €T°0 - S0BJaANg -0¢€T LL-9C/G
uoT3oalur °24p 21070¢g
C-M¥X VZ-MIX T-miX 6 8 L 9 G K € 4 T i Il ?3e(
TRELET ‘yzdeq SBurrdueg
‘JuduTIBdxXe paTyl ¢ (y/8r) suorieijusduod g-surturpoya oyding T 9TqRL

-10-




0e'T GS¢°'T ¥2°'T 8S°T 9¢°T wo3jjog

- - - 0Z°T - Y
ST°T O0T'T (°T ¥%Z'T 09°T LT CheT
89°'T SL O 0T'¢€ T€'0 S€o 0€°0 6S°0 €0°T TO'T o°7T HO'T 0S°T adrzang -GGyl LLIS/9
o€y 00°G oL°s 0%°0T ZTI'S wol3og
- - - 0% ¥ - 7°G
og¢* . . ‘v 07> .
€Y STy STh TT LT 0680
87T (8 o 6%°¢ S€'o 0S's  8L°0 %8°T €€V wE€'h 0g'y yvw 87 ?d0'yINg  -GE/0 L1L/2/9
0T*6 <¢9°Z 0S5t 0§°0T Tl L woj10g
- - - 689 : %°G
82°'9 S0/ 86°9 0T°9 GT'9 L2 07T
05°0 6S5°0 06°C G0°0 80°0 85°0 Gg°0 T8¢ SS'C IT¥'E 09°¢ S6°¢ ade3yINg  -GOYT LL]T/9
S-N¥X VZ-N¥X T-MIX 6 8 L 9 S 4 € 4 T w aur? 93e(Q

4
UWOT3e3s yideq  Surrdueg

(penuTjuo)) T 9[qEL

-11-




for dye transfer fromthe crater and
it is possible that the dye concen-
trations were still increasing when
the experinment was concluded. It is
t hen possible that the high bl ank
val ues are remmants of the second
dye experinent seven nonths previous;

however, the apparent concentrations
in these wells before the second
experiment were about 0.5 pg/l. This
concentration is alnost certainly not
an artifact of the first experiment
when only 150 g of dye were used, but
no sanples were taken from these
wel ls before the first dye injection
in April, 1976.

Table 1 shows that water in the
crater is conpletely mixed after 24
The high value of 114 pg/1 at

the bottom of station 2 on May 28 was

hour s

due to a very localized high concen-
tration area remaining at the injec-
tion point. A diver who inspected
the bottom found several small pools
of dye lying in pockets in the sedi-
ment and several areas of sedinment
where the dye had concentrated in
spite of its nonadsorption character-
istics. However, the total amunt of
dye not dispersed was only a few grans
and did not appreciably affect the
overall results of the experinent.

El evated concentrations persisted on
the bottom at station 2 throughout

On May 28 and June 1

the surface sanples at station 4 were

t he experiment.

-12-

low relative to the other surface
stations. Both of these sanples
were taken at relatively high tide,
2.3 and 3.0 ft, respectively, and
were probably diluted sonewhat by
reef water flowing into the crater.
However,
station 4 (taken on May 27 at 0815
hours) was al so taken at a tide
hei ght of 2.8 ft,

the concentration was not unusual ly

the first sanple from

but for sone reason

low. Al other sanples were taken
when the tida
As expected, dye concentrations in

| evel was below 2 ft.

stations outside the crater varied
considerably nore with time. Severa
of the stations, however, showed

surprisingly high concentrations, in
several cases approaching concentra-
Wiile a

ri gorous comnparison of concentrations

tions in the crater itself.

at stations 6 through 9 with those
inside the crater would have to
consider a tine lag due to flow and
mxing rates, these effects appear to
be negligible, even in the case of
station 7. The flow time from station
9to6is only about 5to 10 mn and
the turbul ence caused by the rough
After

the tide has risen enough to connect

reef surface aids in mxing.

the crater with the reef, there is
essentially no time lag fromthe
crater to stations 6 and 8. Al so, at
this time the alongshore current is

reaching its maximum vel ocity and the




time difference to station 7 is prob-
ably 15 to 20 min at nmost with tur-
bul ence assuring good mixing of the
fresh wave-deposited ocean water and
the crater water. Because the crater
water nmixes with the reef water

mai nly during the hours of highest
tide, no allowance has been made for
sampling time differences.

Station 9, upwi nd and up-current
fromthe crater, always had a | ow dye
concentrati on. The range fromO to
0.35 ug/l probably reflects natura
background variation nore than any-
thing else. Stations 6 through 8 all
showed much hi gher concentrati ons and
Table 2 gives these as a percent of
the crater concentration at the tine
of sanpling. Only a very genera
pattern can be discerned fromthese
stations. Stations 6 and 8 show hi gh

concentrations with 8 higher than 6

on the average. There is a slight
i nverse tidal dependence with the
hi ghest concentrations occurring on
the I ower tides and | owest concen-
This is,

of course, explained by addition of

trations at higher tides.

untraced ocean reef water as the tide
rises. At a tide height of about
1.2 ft, the crater is just awash and
vi sual observation shows the dye
flowing out the sill and through
station 8. The fluorescence data
confirmthat nost of the water at
station 8 at this tine comes fromthe
crater. In the case of station 7, a
somewhat clearer trend of dye concen-
tration that varies inversely with
the tide is seen. On its way to
station 7, there is much nore oppor-
tunity for the crater water to be
diluted by wave-deposited untraced

water. Again, a tide height of 1.2

Table 2. Reef station dye concentrations vs crater concentration and tide
hei ght .
Sanpl e r at er Station, % of crater

Date time avg., ug/l 6 8 7 Ti de height, ft
5/27 0900 44 0 5.6 5.2 3.0
5/27 1620 44 68. 2 41. 4 35.9 2.0
5/28 36 81.1 72.2 44, 2 2.2
5/29 25 38.4 93.6 68.8 1.3
5/30 16 69. 4 100.0 65.0 1.3
6/1 5.8 6.0 0 10.0 3.0
6/2 4.6 61.7 100.0 17.7 2.3
6/5 1.2 45.8 29.2 25.0 1.5

-13-




ft produces the highest concentrations
of Cactus water at station 7 with a
dilution of less than a factor of

two all the way from station 8
Certainly, a large amount of the
water in Cactus crater ultinmately
finds its way into the | agoon through
this path.

Vel | sanple data (Table 1) indi-
cate very little mxing of the crater
water into the ground water system
adjacent to the crater. Data from
tide gauges show no tide |ag between
these wells and the | agoon so there
is no hydrostatic head to aid the
di ffusion of the water out of the
XRU-1 showed a snall but
definite anmount of dye intrustion

whi | e XRU-2A, which

crater.

after three days,
was nmuch further from the crater,
showed no real evidence of dye. It
was thought that water mght flow
fromthe crater into the |agoon

t hrough the unconpacted reef, but data
from XRU-5 did not

these data indicate

confirm this.
Taken together,
from Cactus

at high

that nmost water | ost

crater flows over the sil

tide and continues northwest along
the reef into the lagoon at the break.
RESI DENCE TI ME OF WATER I N
CACTUS CRATER

Because the crater is well nixed

and | oses water principally by over-
flow during the rising tide, a rather

sinmpl e nodel shoul d describe the

observed rate of dye loss. In this

model, starting at low tide, the dye
concentration falls as the tide rises
and untraced water flows into the

crater through the reef below the

surface. This dilution continues
with no loss until the crater begins
to overflow Further rising of the

tide displaces water fromthe crater

to the extent that the tidal rise is
greater than the level at which the
crater overfl ows. Dye is lost until,
as the tide falls, the water level in

the crater drops bel ow the overflow

level. No further |oss then occurs
until the next high tide. The
critical parameter in this nodel is

the tide height at which significant
W& have

In the first,

overflow and |oss begins.
consi dered two cases.
we assune that |oss begins as soon as
the tide begins to rise; that is,
water is displaced fromthe crater to
the full the tide. The

second case allows for the fact that

extent of

the crater has a |lip of about 30 to
40 cmbut this lip is sonewhat per-
neable and its effective height is

15 cm

occurs only to the extent that the

about In this case, flushing
tide rises above 15 cm

For simplicity, dye loss and con-
centration are calculated in steps at
each tide change rather than con-
tinuously. The results for each case
are shown in Table 3. For exanpl e,

inthe first case, 2 kg of dye are

—14—




Table 3. Calcul ated dye concentrations for experinent 3.

No crater lip 15-cm lip
Crater Remai ni ng Dye Dye
_ _ Ti dal vol ume7 dye, concentration, concentration,
Dat e Tinme height, ft 1 x 10 g ug/1 ug/1
Before dye injection
5/26/77 0443 2.1 3.72
1056 3.5 4.14
After 2 Kg injected at 1700 h
1738 1.7 3.62 2000 55.2 55.2
5/27/77 0007 3.5 4.14 2000 48. 3 49.9
0619 1.9 3.67 1772 48. 3
1221 3.6 4.16 1772 42.6 45. 4
1848 1.5 3. 57 1521 42.6
5/28/77 0111 3.9 4. 25 1521 35.8 39.4
0728 1.6 3.59 1285 35.8
1324 3.8 4,22 1285 30.5 34.5
1938 1.2 3.50 1066 30.5
5/29/77 0201 4.3 4. 37 1066 24. 4 28.5
0824 1.2 3.50 854 24. 4
1417 4.0 4.28 854 20.0 24.0
2026 1.0 3.45 688 20.0
5/30/77 0246 4.7 4.48 688 15. 4 19.1
0911 0.9 3.44 529 15. 4
1507 4.2 4.34 529 12.2 15.6
2111 0.8 3.41 415 12.2
5/31/77 0329 5.0 4.57 415 9.1 12.0
0956 0.7 3.39 308 9.1
1550 4,2 4.33 308 7.1 9.66
2151 0.7 3.39 241 7.1
6/1/77 0409 5.2 4.62 241 5.2 7.29
1038 0.5 3.35 175 5.2
1635 4.2 4.33 175 4.0 5.82
2233 0.7 3.39 i 37 4.0
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Tabl e 3. (Conti nued)
No crater lip 15-em lip
Crater  Remai ni ng Dye Dye
Ti dal vol urme dye, concentrati on, concentration

Date  Time height, ft 1 x 107 o ug/1 g/l

6/2/77 0451 5.2 4.62 137 2.96 4.39
1122 0.5 3.35 99 2.96

171.8 4.2 4.33 99 2.28 3.50
2313 0.8 3.41 78 2.28

6/3/77 0532 5.2 4.62 78 1.69 2. 66
1205 0.7 3.39 57 1.69

1802 4.0 4.28 57 1.33 2.17
2355 1.0 3.45 46 1.33

6/4/77 0614 4.9 4.54 46 1.01 1.70
1250 0.8 3.41 35 1.01

1846 3.8 4.22 35 0.83 1.42
6/5/77 0037 1.2 3.50 29 0.83

0657 4.5 4.42 29 0. 65 1.16
1335 1.2 3.50 23 0.65

1934 3.6 4.16 23 0.55 1.00

injected when the tide is 1.7 ft and 251 g lost, and so on. In the

the crater volune is 3.62 x 107 1.
Total dye is 2000 g and concentration
is 55.2 ug/1. As the tide rises, this
2000 g is diluted to 4.14 x 10’ 1,
giving a concentration of 48.3 nug/1.
As the tide falls to 1.9 feet, the

vol unme drops K)367:<107 1, the
difference of 0.47 x 107 1 being | ost
to overflow. At a concentration of
48.3 ug/l, this is a loss of 228 g,

| eaving 1772 g at the sane concentra-
This is diluted to 42.6 ug/1

in the next high tide with another

tion.

second case, the calculation is nade
in the same way but the volune for
each tidal difference is reduced by
0.13 x lO7 1, which is the average
change in volume per 15~cm change in
tide.

flushing rate sonewhat.

Thi s all owance reduces the

The last two columms of Table 3
give the dye concentrations for each
tidal

Figure 6 shows the agreenent be-

cycle for the two cases.

tween the observed dye concentrations

and the two nodel cal cul ations for
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experiment 3. The agreenent is quite
in both
I't

encouragi ng that even the changes in

close for the 15-cm-lip nodel
shape and absol ute magnitude. is
sl ope around May 29 and | ess pro-

nounced on June 5 caused by the onset
of changes in tidal range (Fig. 5)
are reproduced. The values plotted
are the grand average values for al

stations and depths at each sanpling

time. Figure 7 presents simlar data
for the first two experinments. In
experiment 2, the shape is predicted

reasonably well, again including a
change of slope caused by tida
effects begi nning on Cctober 31, but
sonewhat

the experimental points fal

bel ow the predicted. This is prob-
ably caused by the fact that this

injection was on the surface in the
center, and therefore some dye was

| ost before it was conpletely mxed.

In fact, if about 200 g of dye out of
2 kg were lost in this way (a very

pl ausi bl e assunption), the predicted
curve would be 10% | ower and agree-

ment woul d be nuch better. In

1,
tion of 150 g directly upw nd of

experi ment with a surface injec-

station 4, a |oss of about 30% of the

-19-

dye before m xing would be needed to
account for the observed differences.
This is also a reasonable figure
because at high tide there is a
strong flow directly through this
section of the crater. The |ast
point fromexperiment 1 is just barely
detectable and it is thus possible
that the blank correction was too

| ar ge.

Large error bars on the early
sampl es from experinents 1 and 2 are
caused by the fact that these sam
ples were taken about 6 h after
i njection before conplete m xing had
occurred.

From the slopes of the curves in
Figs. 6 and 7, a mean residence tine

of water in the crater can be cal cu-
| at ed.

experinment 2, 3.13 days,

Experinent 1 gives 1.69 days,
and experi -
ment 3 gives 2.41 days for the |ast
ei ght days and 3.36 days for the
Thus,
is a function of tida

resi dence tine
but
resi dence for

first two days.
range,
the nodel could predict
any period with available tidal data.
W t hout

val ue of 2.6 days would yield a good

such information, an average

esti mate averaged over about a nonth.




SUMMARY AND

W have successfully used sul pho
rhodanmine B to deternine the m xing
rate, |oss nmechanism and residence
time of water in Cactus crater.
Mxing is conplete within 24 hours
froma single point dye injection,
whet her Wt er
is minly lost fromthe crater by
high tide,

and nost eventually flows into the

surface or bottom

overflow during periods of

| agoon through a break in the sand
spit sonme 800 m northwest of the
crater. Very little crater water
either enters the island' s ground
wat er systemor flows subterraneally

into the |agoon

CONCLUSIONS

W devel oped a sinple nodel to
expl ain our observations in terns of
tidal effects: crater water is
diluted by subterranean flow during a
rising tide, overflows onto the reef
during high tide, and subsequently
subsides with no further water |oss
during the ebb tide.

adequately explains the observed rate

This cycle

of dye loss and the nean residence
time, which varies with the tida
range for the period in question. In
the absence of detailed tidal data, an
average value of 2.6 days is suggested
for periods |ong enough to enconpass

both I ow and hi gh range cycl es.
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APPENDIX: HYDROLOGICAL EFFECTS OF FILLING
CACTUS CRATER

Present plans call for using the

crater as adisposal site for sone of
the nmore Pu-contaninated soil on
Runit. A soil-cenment slurry would be
deposited in the crater, possibly
after first sealing the sides with
hydraulic cenent. The anpunt of soil
woul d exceed the volune of the crater
and the resulting fill would forma
domed structure capped with high-
strength concrete. Radionuclides
rel eased fromthe fill materia
could be lost by some version of the
present overflow mechanism or dif-
ferent | oss nechanisns mght becone
i nportant depending on the stability
of the fill,

If the fill

nonol i t hi c,

m xture remai ned
presunably all radionuc-
lides would be retained after a short
period of surface |eaching. However,
it is probable that the naterial would
not remain intact for a time compar-
able to the half-life of 2>°Pu. The
underlyi ng and surroundi ng reef
structure is quite unconsolidated and
may not be capabl e of supporting the
wei ght of the fill for an extended

tine. Finally, constant wave and

-21-

tidal action may in tine create
cracks and channels in the nateria
itself. [f this happens, the ori-
gi nal overflow path could be reestab-
i shed or new pathways into the
groundwater could be forned

If a relatively inperneable |ayer
were to become sandwi ched between two
pernmeabl e ones, then during each high
tide, water mght be punped fromthe
| ower to the upper stratumthrough
cracks in the inpermeable layer. The
return path during the ebb tide
mght be quite different and this
process could transport water through
and into

the crater fill material

the island water table. The ground-
water in the area i mediately south-
east of the crater flows generally

into the Iagooé | f

sout hwest
the present overflow path northward
were effectively blocked, this route
coul d becone the principal exit

for any material |eached from
the crater fill. A process such as
this could possibly result in

hi gher levels of radionuclides in
the Runit groundwater than presently

exi st.




MLD

REFERENCES

R B. Spies, K V. Marsh, and J. R Kercher, Dynam cs of Radionuciide
Exchange in the Calecareous Algae Halimeda at Enewetak Atoll, Law ence
Livernmore Laboratory, Rept. UCRL-80350 (1978).

K. V. Marsh, K. M Wng, G Holladay, V. E. Noshkin, R Buddenei er,
Radiological and Chemical Studies of the Gound Water at Enewetak A4zolZ,
Law ence Liver-nore Laboratory, Rept. UCRL-51913 Pt. 1 (1975).

V. E. Noshkin, K M Wng, K V. Marsh, R J. Eagle, and G Holl aday,
Plutoniun Radiornuclides in the Ground Water at Enewetak AtolZ,
IAEA-SM-199/33 (1975).

L. J. Circero, Jr. and M D. Nordyke, Nuclear Cratering Experience at the
Pacific Proving Gounds, Law ence Livernore Laboratory, Rept. UCRL-12172
(1964).

G K Turner Associates, "Fluorometry in Studies of Pollution and Movenent
of Fluids," Fluorometry Reviews, Fluorescent Tracers (1971) (68 References).
P.L. Smart and I. M S. Laidlaw, "An Evaluation of Some Fluorescent Dyes
for Water Tracing," Water Resources Research 13(1) (1977).

—20-




Y

Technical inforrnaio
LAWRENCE v

AR

University of Califorria 1,

e

T LABORATORY

)




